We have investigated the effects of Nef on infectivity in the context of various viral envelope proteins. These experiments were performed with a minimal vector system where Nef is the only accessory protein present. Our results support the hypothesis that the route of entry influences the ability of Nef to enhance human immunodeficiency virus (HIV) infectivity. We show that HIV particles pseudotyped with Ebola virus glycoprotein or vesicular stomatitis virus glycoprotein (VSV-G), which fuse at low pH, do not require Nef for optimal infectivity. In contrast, Nef significantly enhances the infectivity of virus particles that contain envelope proteins that fuse at neutral pH (CCR5-dependent HIV Env, CXCR4-dependent HIV Env, or amphotropic murine leukemia virus Env). In addition, our results demonstrate that virus particles containing mixed CXCR4-dependent HIV and VSV-G envelope proteins show a conditional requirement for Nef for optimal infectivity, depending on which protein is allowed to facilitate entry.
Human immunodeficiency virus (HIV) particles produced in the presence of Nef are more infectious than particles produced in the absence of this protein (9, 23, 24) . While this infectivity enhancement effect is well documented, the details of the mechanism underlying this effect remain obscure. However, it is believed that Nef influences the early stages of the infection process since, compared to wild-type virus, virus lacking Nef is inefficient at synthesizing proviral DNA (1, 2, 8, 30) .
In single-round infection assays, it has also been shown that providing Nef in trans to cells producing virus restores optimal infectivity, while providing Nef in trans to target cells has no effect (2, 25, 27) . These findings suggest either that Nef enhances particle infectivity by altering the virus particle during production or that Nef is incorporated into the assembling virus particle, enabling it to act during the early stages of infection. Intriguingly, Nef has been found in HIV particles, where it appears to be associated with the viral core, but there is little evidence directly correlating the presence of Nef in virus particles with any phenotypic effects in target cells (5, 16, 27, 34) .
In addition, it has been reported that HIV particles containing CXCR4-dependent (X4) HIV or amphotropic murine leukemia virus (ampho MLV) envelope proteins require Nef for optimal infectivity, while HIV particles pseudotyped with vesicular stomatitis virus (VSV) glycoprotein (VSV-G) do not (1, 19) . These findings correlate with the facts that virus particles containing X4 HIV and ampho MLV envelope proteins fuse at the cell surface at neutral pH (3, 22, 32) , while particles pseudotyped with VSV-G use the endocytic low pH route (37) . Based on this information, it has been suggested that the route of viral entry may influence the ability of Nef to enhance infectivity (1, 19) . Alternatively, VSV-G may induce some modification in the particle that substitutes for Nef function.
To distinguish between these possibilities, we wanted to test the effect that Nef had on the infectivity of HIV vectors pseudotyped with envelope proteins that had not been previously tested. To do this, we used the previously described HIV-based packaging cell line B4.14, along with the vector pTR167. B4.14 packaging cells are CMT3 COS cells (13) that stably express Gag, Gag-Pol, and Rev in the absence of the other viral accessory proteins (Vif, Vpr, Vpu, and Nef) (31) . pTR167 is a derivative of pNL4-3 (HIV type 1 [HIV-1] strain NL43 [Gen-Bank accession number M19921]) and is described in detail elsewhere (29) . Its primary feature is a hygromycin resistance gene that is under the control of an internal simian virus 40 early promoter and that is capable of conferring hygromycin resistance to target cells. In addition, this vector expresses the HIV-1 Nef protein from a spliced mRNA initiated from the viral long terminal repeat. For these studies, we also produced a Nef Ϫ version of this vector (pTR167NefϪ) by creating a frameshift in the Nef coding region at the internal XhoI site.
The first envelope protein to be tested in this system was a CCR5-dependent (R5) envelope protein from HIV-1 JR-CSF (GenBank accession number M38429). The ability of Nef to enhance the infectivity of particles pseudotyped with this envelope protein was compared to that observed with X4 HIV Env, ampho MLV Env, and VSV-G. Although several reports have demonstrated that Nef enhances the infectivity of HIV particles that contain an envelope protein that utilizes CXCR4 as a coreceptor (12) , there have been no reports to show that this is also true when entry is mediated by an envelope protein that uses CCR5 (10). To investigate this notion, Nef ϩ and Nef Ϫ pTR167 vectors were transfected into packaging cells together with plasmids expressing the various envelope proteins, and the infectivity of the different viral stocks was determined with HeLa-CD4 cells that had been stably transfected with CCR5. Nef-mediated enhancement of infectivity was clearly observed with R5 HIV Env (Fig. 1A) , and this enhancement was similar to that observed with X4 HIV Env ( Fig. 1B ) or ampho MLV envelope protein (Fig. 1C ). In contrast, this enhancement was not seen when the vectors were pseudotyped with VSV-G ( Fig. 1D) .
A common feature of the three different envelope proteins that were shown to require Nef for optimal infectivity is that they all fuse at the cell surface at neutral pH. In contrast, Nef did not increase the infectivity of virus particles pseudotyped with VSV-G, confirming previous results. Fusion facilitated by VSV-G requires the low pH of the endosome (21) . To further test the hypothesis that fusion at low pH abrogates Nef enhancement, we produced Nef ϩ and Nef Ϫ HIV vectors that were pseudotyped with Ebola virus glycoprotein (Ebola-GP), which has recently been suggested to facilitate fusion through a low-pH-dependent mechanism (7, 35) . When the infectivity of these samples was determined, no Nef enhancement phenotype was observed ( Fig. 2A ).
It is also interesting to note that while pseudotyping with VSV-G increased the absolute infectivity (more CFU per milliliter) of the vector particles relative to particles with X4 HIV Env, Ebola-GP actually decreased it. Thus, the data clearly rule out the possibility that the loss of Nef-mediated infectivity enhancement with these pseudotyped viruses is simply a consequence of a general increase in infectivity that overwhelms any potential role of Nef.
To ensure that the Ebola-GP and VSV-G pseudotyped viruses entered through a low-pH-dependent mechanism in these assays and that the particles containing HIV X4 Env and ampho MLV Env utilized a neutral-pH fusion mechanism, we tested the infectivity of these viruses in the presence of the drug bafilomycin A1 (Fig. 2 ). Bafilomycin A1 prevents the acidification of endosomes by blocking the function of the vacuolar H ϩ ATPase (4, 33, 39), allowing fusion only through a pH-independent mechanism. Figure 2 shows that both Ebola-GP and VSV-G pseudotyped viral stocks demonstrated a dramatic loss in infectivity ( Fig. 2A and B ) when bafilomycin A1 was present during the early stages of infection. In contrast, the virus containing HIV X4 Env or ampho MLV Env showed no decrease in infectivity in the presence of the drug (Fig. 2C and D). This was true for both Nef ϩ and Nef Ϫ vectors. Thus, these results showed a perfect correlation between bafilomycin A1 sensitivity (low pH fusion) and the abrogation of Nef enhancement.
It is interesting that bafilomycin A1 treatment consistently caused an approximately twofold increase in the infectivity of particles containing HIV Env. One explanation for this result could be that a fraction of the HIV Env-containing particles normally start to enter cells by the endocytic route but fail to survive the subsequent acidification. Treatment with bafilomycin A1 would prevent acidification and therefore could cause FIG. 1. Effect of Nef on infectivity determined with viruses pseudotyped with various envelope proteins. Nef ϩ and Nef Ϫ viruses were produced by transfecting B4.14 packaging cells (31) with an envelope construct, pCMVtat, and either pTR167 (black columns) or pTR167NefϪ (white columns). HIV JR-CSF and HIV HXB2 envelope proteins were expressed from plasmids derived from pCMV (pHR1374 and pHR1904) (18, 31); ampho MLV Env was expressed from pSV-A-MLV (pHR1794) (17) ; and VSV-G was expressed from pMD-G (pHR2004) (26) . Virus containing supernatant was collected 3 days after transfection and cleared of cellular debris. The presence or absence of Nef had no effect on p24 production, as measured by a p24 enzyme-linked immunosorbent assay. One milliliter of supernatant was used to infect either HeLa-CD4-CCR5 (A) or HeLa-CD4 (B, C, and D) cells. Titers were determined by counting the number of hygromycin-resistant colonies after 2 weeks of selection. Particles were pseudotyped with HIV JR-CSF (A), HIV HXB2 (B) , ampho MLV (C), or VSV-G (D) envelope proteins. Each experiment was performed in duplicate; error bars indicate standard deviations. HeLa-CD4-CCR5 cells were derived from HeLa-CD4 cells (6) by cotransfection of a pCDM8-derived plasmid (Invitrogen) expressing CCR5 (pHR1911) and a plasmid expressing puromycin resistance, pPuro (Clontech) (pHR1375). this usually nonproductive route of entry to become productive. Consistent with this notion are reports in the literature describing endocytic entry for HIV in specific instances (11, 14, 28) .
It seems reasonable to hypothesize that entry through the endocytic route somehow compensates for Nef function, since Nef enhancement of infectivity is lost when viruses are pseudotyped with either VSV-G or Ebola-GP. However, a second possibility is that pseudotyping with VSV-G or Ebola-GP modifies the particle differently than when the other envelope proteins are used. This modification could somehow prevent or replace Nef function. To address this issue, we created parti-cles that contained both VSV-G and HIV envelope proteins and determined if there was a Nef effect when VSV-G-dependent entry was inhibited.
HIV-1 particles bearing both HIV-1 Env and VSV-G were produced in 293T cells (10 6 , 6-cm dishes) by cotransfection of wild-type (R9) or Nef-defective (R9⌬Nef) proviruses (10 g) and the VSV-G expression plasmid pHCMV-G (40 ng) in a biosafety level 3 laboratory using stringent precautions (1, 2) . Two days after transfection, supernatants were harvested, passed through 0.45-m-pore-size cellulose acetate filters to remove cellular debris, assayed for p24 content, and frozen at Ϫ80°C. After thawing, HIV-1 infectious titers were determined by titration on HeLa/LTR-lacZ or HeLa-CD4/LTR-lacZ (P4-2) cells as previously described (15) . For comparison, Nef ϩ and Nef Ϫ viral stocks prepared without the addition of VSV-G were also produced and the titers were determined.
When measured in cells containing CD4, the presence of Nef resulted in only a 2-fold higher titer for the particles with mixed envelope proteins, compared to a 13-fold enhancement for the particles made without VSV-G (Table 1 ). In cells lacking CD4, virtually no Nef enhancement was seen in the particles with mixed envelope proteins and, as expected, the particles made without VSV-G did not infect these cells at all ( Table 1 ). These results indicated that the presence of VSV-G in particles abrogated the effect of Nef on infectivity, even when HIV-1 Env was also present. This result may have occurred because the VSV-G entry pathway was dominant over the HIV-1 entry pathway or because VSV-G modified the particle in some way to make it no longer responsive to Nef.
To distinguish between these possibilities, we reasoned that particles containing mixed envelope proteins should not be able to utilize the VSV-G entry pathway if VSV-G function were completely blocked with an anti-VSV antibody. However, there should be some residual infectivity after this treatment, due to infectivity mediated exclusively by the HIV envelope protein. If the entry pathway and not particle modification affects Nef enhancement, there should be a more significant difference in titer between virus made in the presence and virus made in the absence of Nef after treatment with the anti-VSV antibody.
For antibody inhibition studies, viral stocks were preincubated with a 1:50 dilution of rabbit anti-VSV neutralizing serum (purchased from Lee Biomedical Research Laboratories) for 30 min at room temperature prior to infection of the re-FIG. 2. Effect of Nef and bafilomycin A1 on infectivity of HIV vectors pseudotyped with various envelope proteins. Nef ϩ and Nef Ϫ viruses were produced by transfecting B4.14 packaging cells with an envelope construct, pCMVtat, and either pTR167 (black columns) or pTR167NefϪ (white columns). Ebola-GP was expressed from pVR1012-GP(Z) (pHR2186) (36, 38) . Other envelope proteins were expressed from the vectors described in the legend to Fig. 1 . Ebola-GP (A), VSV-G (B), HIV HXB2 (C), and ampho MLV(D) pseudotyped viruses were used to infect HeLa-CD4 cells as described in the legend to Fig. 1 , with or without the addition of 10 mM bafilomycin A1 (Baf.). After 4 h of incubation, the cells were washed twice with phosphatebuffered saline and 5 ml of medium (Iscove's medium containing 10% bovine calf serum) was added. Hygromycin selection was started 24 h later and continued for 2 weeks, at which time the number of resistant colonies was determined. Each experiment was performed in duplicate; error bars show standard deviations. porter cells. As expected, treatment of the mixed particle stocks with anti-VSV neutralizing antibody reduced the titer to near zero on cells lacking CD4 (Table 1) , while a small fraction of infectivity remained resistant to neutralization when tested on CD4 ϩ cells ( Table 1 ). In this fraction, there was now a dramatic difference in titer between the particles produced in the presence of Nef and those produced in the absence of Nef. A 24-fold difference was observed. These results exclude the possibility that VSV-G modifies the particle in a way that abrogates or substitutes for the Nef enhancement function. Furthermore, these observations support the conclusion that the lack of Nef enhancement in HIV-1 (VSV) particles is due to the specific interactions that take place between VSV-G and its receptor on target cells.
These results, together with our observation that there is a loss of Nef enhancement function with Ebola-GP pseudotypes, strengthen the hypothesis that fusion at the cell surface is required for Nef enhancement of infectivity. In addition, these results suggest that the infection process is different when fusion occurs at the cell surface (neutral pH) than when it occurs within an endosome (low pH).
One possible reason for these differences is that obstacles to infection may be present when infection occurs via fusion at the cell surface that are not present when it occurs in the endosome. The mechanism by which Nef functions to enhance infectivity may involve overcoming such obstacles. For example, following fusion at the cell surface, the viral core may not be in a location that is conducive to the early stages of infection unless it was produced in the presence of Nef. In contrast, fusion with the endosome may release the viral core into a cellular compartment that facilitates these events. This idea is supported by the fact that other viruses (Semliki Forest virus and VSV) are unable to infect CHO cells when forced to enter at the cell surface but retain the ability to infect these cells when allowed to enter through an endocytic route (20) .
Further analysis of the mechanism by which Nef enhances infectivity will likely require a thorough investigation of the infection steps that immediately follow fusion, prior to proviral DNA synthesis. Because little is known about these early stages, Nef may provide an important tool for better understanding the HIV infection process.
